Non-standard physics which can be described by effective four fermion interactions may be an additional source of CP violation in the neutrino propagation. We discuss the detectability of such a CP violation at a neutrino factory. We assume the current baseline setup of the international design study of a neutrino factory (IDS-NF) for the simulation. We find that the CP violation from certain non-standard interactions is, in principle, detectable significantly below their current bounds -even if there is no CP violation in the standard oscillation framework. Therefore, a new physics effect might be mis-interpreted as the canonical Dirac CP violation, and a possibly even more exciting effect might be missed.
Introduction
Physics beyond the Standard Model may introduce non-standard interactions (NSI) [1] [2] [3] [4] [5] suppressed by a higher energy scale. In general, such new physics is usually described by effective dimension six [6] [7] [8] and eight [9, 10] operators. One can describe the effective dimension d Lagrangian as a function of the non-standard physics scale Λ as
where λ is a dimensionless coupling constant and O d is a dimension d operator. Thus, the non-standard physics will be suppressed by (E EWSB /Λ) d−4 with respect to the weak interactions, where E EWSB is the electroweak symmetry breaking scale.
In this study, we focus on non-standard propagation effects in standard oscillations (SO). These can be phenomenologically described by neutral current-type NSI of the form
with L = 1 − γ 5 , which affect the neutrino propagation in matter for f ∈ {e, u, d}. Note that, * E-mail: winter@physik.uni-wuerzburg.de The necessary conditions for an underlying model producing such large NSI are discussed elsewhere [13, 16] . Since these interactions will be suppressed by at least a factor of Λ 2 (cf., Eq. (1)), it might be plausible to look for NSI-CPV in the best discussed neutrino oscillation experiments which are sensitive to the highest Λ-scales, such as neutrino factories [17, 18] .
The measurement of NSIs in neutrino factories has been discussed in Refs. [11, [19] [20] [21] [22] [23] [24] [25] . As illustrated in Refs. [24, 25] , the disappearance channels and second "magic" baseline [26] are mandatory for excellent NSI sensitivities. In particular, ǫ m µτ is best measured with the disappearance channel, whereas ǫ m eτ is best measured with the appearance channel. Therefore, we expect that the measurement of φ m eτ will be qualitatively similar to that of δ CP , whereas that of φ m µτ will have completely new characteristics. We use in this study the baseline setup of the international design study for a neutrino factory [27] , which includes two baselines, as well as the disappearance channels by the measurement of the wrong-sign muons.
A focus of this letter is to demonstrate that the discovery of NSI-CPV should be quantified with performance indicators similar to SO-CPV. In addition, the full (relevant) parameter space using a full simulation is discussed. Since there is no model-independent connection between source or detection and propagation NSI [13] and there is not yet any near detector specification for the neutrino factory within the international design study, we do not discuss source and propagation NSI.
Method and performance indicator
Our simulations use the GLoBES software [28, 29] with the current best-fit values and solar oscillation parameter uncertainties from Ref. [15] , as well as a 2% error on the (constant) matter density profile, i.e., we expect the matter density profile to be known with that precision.
3 For the sake of simplicity, we use a normal simulated mass hierarchy. The experimental scenario we consider is the IDS-NF 1.0 setup from Ref. [27] , which is the current standard setup for the "International design study of the neutrino factory" (IDS-NF). This setup has been optimized within Refs. [30, 31] for the measurement of sin 2 2θ 13 , the neutrino mass hierarchy, and leptonic CP violation in the case of standard oscillations. In short, it uses two baselines at about 4 000 km and 7 500 km with two (identical) magnetized iron neutrino detectors (MIND) with a fiducial mass of 50 kt each. For each baseline, a total of 2.5 · 10 21 useful muon decays plus 2.5 · 10 21 useful anti-muon decays in the straight of the corresponding storage ring is used, which could be achieved by ten years of operation with 2.5 · 10 20 useful muon decays per baseline, year, and polarity. The muon energy E µ is assumed to be 25 GeV, which is sufficient for a detector with a low enough detection threshold [30] . The detector and systematics specifications can be found in Refs. [27] . Note that there is not yet any near detector specification. We do not simulate the near detector explicitely, because we do not discuss non-standard production or detection effects such as in Ref. [32] . As a small modification of the IDS-NF baseline setup, we do not include the emulsion cloud chamber for ν τ detection at the short baseline, since it has been demonstrated in Ref. [25] that it hardly contributes to the SO and NSI sensitivities if two baselines are used. We have checked that this also applies for a (hypothetical) ν µ → ν τ oscillation channel for the effects discussed in this study (which might be different for NSIs in the production process, see Ref. [12] ).
We define the sensitivity to NSI-CPV, in the same way as the sensitivity to SO-CPV, as the ∆χ 2 with which any CP conserving solution can be excluded. That is, we simulate a true ǫ ∈ {0, π}. In addition, we have a set of simulated values for the SO parameters. Then we compute the ∆χ 2 for φ m αβ (fit) fixed to 0 and π (CP conservation) and choose the minimum between these two values. All the fit SO parameters and |ǫ m αβ | (fit) are marginalized over. For the sake of simplicity, we do not take into account the mass hierarchy degeneracy.
Discovery of non-standard CP violation
In the context of NSI-CPV, the most important question might be for which region of the parameter space NSI-CPV will be discovered at a neutrino factory. Since the solar and atmospheric The shaded regions illustrate the dependence on the (true) sin 2 2θ 13 and δ CP . Figure 2 , the dependence on the true sin 2 2θ 13 and δ CP is indicated by the shaded regions, whereas the curves correspond to the true sin 2 2θ 13 = 0 (i.e., the thick curve in the right panel corresponds to the thick curve in Figure 1 ). As it is obvious from the analytical and quantitative discussion in Ref. [25] , the ν e → ν µ (and ν e →ν µ ) appearance channels will dominate the determination of φ m eτ , whereas the ν µ → ν µ (and ν µ →ν µ ) disappearance channels will dominate the the determination of φ m µτ (see also Ref. [33] for more analytical discussions). For that reason, we obtain a strong dependence on the simulated sin 2 2θ 13 and δ CP for φ m eτ (right panel of Figure 2 ), because the appearance channels are most sensitive to these SO parameters, whereas the CP violation in φ 
Mis-interpretation of NSI-CPV
Let us assume that there is no SO-CPV in nature, but there is large NSI-CPV. What would such a fit look like, and when would one confuse the NSI-CPV with the SO-CPV? Since φ m µτ is measured in the disappearance channel, which is hardly affected by δ CP , we focus on φ m eτ in this section.
As an example, we choose a true δ CP = 0 (CP conservation) and the true φ There is some parameter dependence in these choices, but the examples are good enough to illustrate the qualitative main points. We show in Figure 3 , left three columns, the fits in the sin 2 2θ 13 -δ CP (upper row) and |ǫ m eτ |-φ m eτ (lower row) planes assuming the NSI scenario including ǫ m eτ . Obviously, in all cases, the minimal χ 2 = 0 because we simulate the average experiment performance without statistical fluctuations. At ∆χ 2 = 9, NSI-CPV can neither be established in case A nor in case C, whereas it can be measured in case B (lower row). On the other hand, δ CP can be measured in cases B, and C, whereas no information can be obtained in case A (upper row). Generally speaking, the true sin 2 2θ 13 or true |ǫ m eτ | have to be large enough to observe the corresponding phase. In the right panel of Figure 3 , we illustrate the effect of the wrong hypothesis: If only standard oscillations are assumed (and |ǫ m eτ | = 0 in the fit), the minimal χ 2 in all three cases will be non-vanishing, and might be confused with statistical fluctuations. In all three cases, the simulated maximal NSI-CPV will be mis-interpreted as SO-CPV, because the CP-conserving values δ CP = 0 and π can be excluded. Note that especially in cases A and C the minimal χ 2 is relatively small, and the confusion might not be obvious. Even worse, in these cases neither SO-CPV nor NSI-CPV would be established in the correct fit.
Sensitivity to any CP violation
Let us suppose that there are NSI, and there might be CP violation from either δ CP or φ This means that for a random pick of δ CP and φ m eτ (uniformly distributed in the phases), this parameter will tell the probability that CP violation can be established. We show this sensitivity to any (SO or NSI) CPV as a function of the true sin 2 2θ 13 and true |ǫ m eτ | in Figure 4 . Obviously, if both sin 2 2θ 13 and |ǫ m eτ | are small, no CPV can be established. If only one of the parameters is small, the sensitivity corresponds to the single parameter measurement (for the other parameter and its phase being marginalized over). If both sin 2 2θ 13 and |ǫ m eτ | are large and in their optimal ranges, the fraction of δ CP ⊗ φ m eτ can reach more than 95%. In this case, CPV cannot be established in only very small regions around the four CP-conserving solutions given above. In the probability interpretation, the chance to find CPV is therefore, in fact, larger if both large sin 2 2θ 13 and |ǫ m eτ | are present, compared to the case of no NSI.
Summary and conclusions
We have demonstrated that, in a neutrino factory corresponding to the current IDS-NF baseline setup, CP violation from non-standard neutrino interactions in matter could be measured if |ǫ m µτ | 0.02 or |ǫ m eτ | 0.005. This observation is almost independent of the true values of sin 2 2θ 13 and δ CP . We have also shown that there are regions in parameter space where an erroneous assumption of standard oscillations only will lead to a fake CP violation signal in the presence of NSI, even if CP is conserved in δ CP . Finally, we have discussed the chances to measure any CP violation in the presence of both large enough sin 2 2θ 13 and |ǫ m eτ |. We have found that CP violation will be found in up to 95% of all possible phase combinations for δ CP and φ m eτ . For the quantification, we have used performance indicators similar to the standard CP violation measurement.
We conclude that even if there is no CP violation in standard oscillations or sin 2 2θ 13 is too small to detect it, a neutrino factory has the chance to find CP violation from new physics effects. In any future analysis, it is therefore important to carefully consider the possibility of nonstandard effects, in order not to overlook an even more interesting hint for new physics.
